We present a high-sensitivity spectral line survey of the high-mass star-forming region Orion KL in the 325È360 GHz frequency band. The survey was conducted at the Caltech Submillimeter Observatory on Mauna Kea, Hawaii. The sensitivity achieved is typically 0.1È0.5 K and is limited mostly by the sideband separation method utilized. We Ðnd 717 resolvable features consisting of 1004 lines, among which 60 are unidentiÐed. The identiÐed lines are due to 34 species and various isotopomers. Most of the unidentiÐed lines are weak, and many of them most likely due to isotopomers or vibrationally or torsionally excited states of known species with unknown line frequencies, but a few reach the 2È5 K level. No new species have been identiÐed, but we were able to strengthen evidence for the identiÐcation of ethanol in Orion and found the Ðrst nitrogen sulÐde line in this source. The molecule dominating the integrated line emission is which emits twice the intensity of CO, followed by SO, which is only SO 2 , slightly stronger than CO.
INTRODUCTION
Hot cores are the formation sites of massive young stars. They display a multitude of strong molecular lines from many species. The study of these lines provides insights into the physical conditions of massive star-forming regions and into the interactions between the stars and the remnants of their parent clouds. Unbiased spectral line surveys o †er the unique opportunity to investigate their complete chemical composition. The most prominent member of this group is the Orion hot core. It is the richest known source of molecular lines, in part due to its proximity (B500 pc). It has also the advantage that the lines are not as wide as in Sgr B2 and not as confused by absorption features. Hence, it serves as a reference source for molecular hot cores.
There have been a number of Orion line surveys at milli- conducted a low spectral resolution (200 MHz) line (1995) survey of Orion, covering the range 190È900 GHz, using a Fourier transform spectrometer at the CSO. That survey complements existing surveys and extends the range to previously unsurveyed frequency ranges, but it is not suited for investigation of weak lines, due to the low spectral resolution.
The surveys Ðnd about 2200 lines in the range 70È343 GHz. Most of the lines are identiÐed, but to a lesser degree in the 3 mm and 2 mm band, due to the high sensitivity of these surveys. The interpretation of the line survey data led to column density determinations for the various molecules, using mostly LTE analyses et al. hereafter (Blake 1987, B87 ; hereafter and also give Turner 1991a, T91 ; J84, ZM93, S94 column densities).
Our survey covers the range 325È360 GHz, extending only slightly the range of et al. but with much Jewell (1989), higher sensitivity and a single-sideband (SSB) presentation that makes it useful for future reference. It overlaps partly with the survey. The new survey has also been used for S94 estimating the line contribution to the broadband measurements of the continuum Phillips, & Blake (Groesbeck, 1996) .
Since the line width, which is Ðxed in velocity coordinates, rises in frequency coordinates proportionately to the line frequency, blending problems become increasingly severe for high frequencies. Deep integrations (Mauersberger, Henkel, & Wilson show that the confusion 1988) limit (i.e., the point at which the identiÐcation of a line is no longer hampered by the system noise, but by the large number of weak lines) is reached easily. Most lines are due to only a few species : and SO 2 , CH 3 OH, HCOOCH 3 , We Ðnd many unidentiÐed lines : 60 out of 717 CH 3 OCH 3 . lines in total. However, in accord with prior survey experience, the majority of the unidentiÐed lines are expected to be due to as yet poorly known transitions of the molecules 301 listed above, their isomers, and isotopomers. This, too, is a problem that becomes more severe at higher frequencies, since laboratory data are also increasingly sparse. Hence, apart from enlarging the database, the present line survey serves as a reference source for observations of other regions and as a motivation for laboratory spectroscopists to study the molecules in question.
Since all surveys have been performed with telescopes of similar size, resulting in larger beam sizes at lower frequencies, and since lines observed at lower frequencies tend to be lower in energy and are excited more easily than high-frequency lines, there is a systematic tendency for higher frequency surveys to pick up smaller, hotter, and denser regions than surveys at lower frequencies. While all information is obviously needed to get a consistent picture of the whole region, for the purposes of this paper we compare mostly with surveys of similar or adjacent (S94) frequencies A more detailed analysis of the (S85 ; B86). physical and chemical implications of our data, in combination with the results from the 607È725 GHz survey, is planned for a future paper.
OBSERVATION AND DATA REDUCTION
The observations of Orion KL were made during a total of four periods between 1990 January and 1991 January at the 10.4 m CSO telescope on Mauna Kea, Hawaii. Table 1 gives a summary of the observing dates and the approximate frequency ranges covered during each period. The overlapping nature of the observations resulted in many frequencies being observed at more than one epoch. The telescope had an FWHM beamwidth of 20A averaged over the range of frequencies in the survey. Absolute pointing was checked frequently by observing planets ; we also used the strong emission from lines throughout the survey SO 2 to optimize consistently our pointing on the source itself. Throughout the observations, the pointing was found to be accurate to better than 5A.
We used the facility single-channel, linear polarization SIS receiver et al. for all observations, obtain-(Ellison 1989) ing receiver temperatures of typically 200È250 K (SSB) and system temperatures ranging from 700 to 2000 K (SSB). Careful tuning of the receiver for each frequency setting produced double-sideband performance with sideband ratios varying by no more than B20% across the survey. For spectra containing the 12CO(3È2) emission line, or any of its isotopomers, position switching with an o †set position of 1800A in azimuth was used. For other spectra, it was found that position switching in azimuth by 600A was sufficient.
The atmospheric opacity, monitored at the CSO by a 227 GHz tipping radiometer, was usually less than 0.25, reach- ing 0.8 on occasion and even higher for the observations near the transition at 325 GHz. At the edges of the H 2 O survey, the atmospheric opacity varies rapidly enough across the receiver sidebands that additional corrections to the calibration procedure, described below, are required. For these local oscillator settings, telescope "" sky dips ÏÏ were performed to measure the mean atmospheric opacity, and atmospheric models were used to determine the individual upper and lower sideband opacities. This procedure also enables the hot spillover efficiency to be measured.
The facility back end (an acousto-optical spectrometer) was used, which had a bandwidth of 500 MHz and a nominal channel width of 0.49 MHz. The SSB spectrum is reconstructed with a channel width of 1.0 MHz, which corresponds to the actual resolution of the back end as determined from frequency calibration measurements. The sensitivity over most of the band is sufficient to identify reliably lines with strengths of 0.1È0.5 K. This includes the e †ects of deconvolution.
The chopper-wheel method & Burrus was (Penzias 1973) used to calibrate the data as the observations were made, and low-order polynomial baselines were removed from the double-sideband (DSB) spectra. This calibration corrects for atmospheric absorption and telescope losses resulting from ambient temperature e †ects such as spillover and blockage of the beam, but it does not account for e †ects such as cold spillover, beam coupling to the source, and sideband gain ratios. The cold spillover term at the CSO is quite small ; coupling efficiencies are determined from observations of astronomical standards. The main-beam efficiency was found to be from planetary g MB \ 0.6^0.1 measurements, while the correction for extended sources has been determined to be from observg fss \ 0.76^0.03 ations of the Moon. This factor is essentially independent of elevation for the CSO telescope, at these frequencies, since the telescope is designed to operate up to 900 GHz.
The complicated nature of the Orion KL region, with di †erent molecules and transitions being emitted from several subsources of di †erent sizes, makes it difficult for a single correction to yield accurate line brightness temperatures in all cases. In this paper, we have used the correction for an extended source and quote Line T R *-values. intensities for lines emitted from compact sources, for which the main-beam brightness temperature would be more appropriate, have to be multiplied by a factor of 1.3. In many cases, the majority of the spectrum was occupied by emission lines, making it possible to remove only a constant or possibly linear baseline. The removed baselines have been used to evaluate the continuum emission from Orion KL, giving results consistent with published values (170 Jy at 870 km in a 20A beam).
The deconvolution method used has been described previously Phillips, & Blake with a detailed (Groesbeck, 1994 ) analysis of its performance and limitations given by so that we present only a brief summary Groesbeck (1994) , here. The method used is a modiÐcation of the CLEAN algorithm for deconvolving aperture synthesis maps. The DSB observations are combined Ðrst, with no e †ort made to assign detected lines to either sideband. (Estimates of the relative sideband gains, which can be made by considering the survey as a whole but not for individual local oscillator [LO] settings, are made by hand, based upon the appearance of the strongest lines ; apart from scaling based upon these gains, the DSB spectra are added as though the signal were present in both sidebands.) The resulting spectrum consists of the true underlying spectrum with "" ghost ÏÏ images of the lines superposed at the frequencies corresponding to the image sideband frequencies. An iterative subtraction is then performed to remove the ghosts, found by assuming that the strongest lines represent real detections. A "" clean ÏÏ spectrum is built up that consists of the subtracted amounts at the frequencies of the detected lines, with the Ðnal SSB spectrum obtained by adding the residuals to the clean spectrum. Sideband deconvolution using the maximum entropy approach (see for a S94 description), developed for the 650 GHz survey et (Schilke  al. gives a very similar result. 1996), The CLEAN method requires (as does any spectral deconvolution method) a redundant set of observations at di †erent LO settings, so that a given line has images at several frequencies. Following et al. we made Blake (1986) , observations centered at intervals of 250 MHz, or half the back-end width. In this way, each frequency could be observed twice in each sideband as we stepped through the range of the survey. We also took several spectra with LO shifts of 10 or 20 MHz, as well as an increased number of settings near the CO (3È2) line, which e †ectively prevents detection of lines in the opposite sideband because of its strength. These smaller shifts allowed us to estimate better the sideband gains by aiding in the identiÐcation of individual lines in the DSB spectra, and they also provided additional redundancy at frequencies near the ends of the survey, at which the coverage included only one sideband. Using correct sideband gain ratios also minimizes the number and strength of ghosts.
Some ghosts are not eliminated completely. One common source of error is the pointing o †set between observations of the same spectral feature in di †erent sidebands. For a structured source, like Orion, these o †sets will result in nonidentical spectral line shapes for the two positions. Also, the line strength of di †erent lines in one spectrum relative to each other may vary, if di †erent lines peak at di †erent positions. The atmospheric water absorption line at 325 GHz caused the spectrum in this range to be very noisy. Here, as at the upper edge of the observed band, the data were observed with less redundancy. This resulted in imperfect reconstruction and gaps in the spectrum, e.g., between 326 and 327.5 GHz. 33SO 2 and SO18O species were calculated on the basis of measurements in the Cologne submillimeter spectroscopy laboratory and kindly provided by E. Klisch and G. Winnewisser. The observed line intensities and peak temperatures for the various species are displayed in Tables 3È25.
RESULTS

L ine IdentiÐcations
We claim a line as identiÐed if it passes a by-eye inspection of the original double-sideband spectra. For this, a low identiÐcation threshold was used, i.e., we only claim a line as real if it shows up as a 3 p feature in more than one di †erent frequency setting, which also establishes unambiguously the sideband. Some lines of known molecules were also claimed as identiÐed on the basis of an approximate estimated strength for the transition obtained from other transitions already identiÐed. This method, of course, applies only to species with many transitions. Some unidentiÐed lines are questionable in the sense that they may be ghosts. They are indicated in the tables by question marks. The errors of the determined line amplitudes and integrated intensities are dependent on the degree of contamination from the other sideband, which could not be 
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Comments on Individual Species
3.2.1. Diatomic Molecules without Electronic Momentum CO.ÈThe (3È2) lines of carbon monoxide 12CO, 13CO, C18O, and C17O are clearly detected, the 12CO line being the strongest in the spectrum. The main isotopic line shows broad wings, which are also seen in 13CO and, more weakly, in C18O and C17O. Assuming that C18O is optically thin (as justiÐed by the C18O/C17O line ratio) and that 12C/13C \ 60 and 16O/18O \ 500, we derive optical depths of 40 for 12CO and 3 for 13CO at the position of the line peak. The technique clearly has its limitations, as demonstrated here by producing inconsistent values : the optical depth of 12CO(3È2) should be 180 based on the 13CO(3È2) optical depth, and not 40. This is partly due to the various components (compact and extended ridge, hot core, and plateau), which contribute di †erently to the isotopomeric line temperatures, and partly to the very high optical depth di †erences between the isotopomers and temperature gradients along the line of sight. Nonetheless, it gives an approximate idea of the optical depths and should be more reliable for other molecules with smaller optical depths. It is noteworthy that neither C18O nor C17O shows a noticeable contribution from the hot core velocity component, while the other three velocity components are present. Vibrationally excited CO at 342.647494 GHz was not found at the level of B0.2 K.
CS.ÈThe (7È6) lines of carbon monosulÐde C32S, C34S, and C33S are present, while 13CS is outside the band. The CS lines show broad wings from the plateau emission. All four velocity components are present in these transitions. Assuming a 32S/34S ratio of 22.5, we determine the peak optical depth of 12CS to be 9. The line of vibrationally excited CS at 333.9713 GHz is very close to an HCOOCH 3 line at 333.9723 GHz, which probably accounts for most of the Ñux in this feature.
SiO.ÈThe (8È7) lines of silicon monoxide are observed in its 28SiO, 29SiO, and 30SiO isotopomers. As noted by previous studies, the lines have only contributions from the hot core and plateau velocity components and show no trace of the compact and extended ridge. The line ratios are consistent with a 28SiO optical depth of about 2, if a 28SiO/ 29SiO ratio of 20 is assumed. Given that the peak intensity of 28SiO is similar to CS and the line is twice as broad, this indicates clearly that the SiO abundance is enhanced greatly in the plateau gas, as known from previous studies. One explanation for this and other observations of SiO abundance enhancements in shocked gas is that SiO is produced by destruction of grain cores in shocks (Mart• n- Bachiller, & Fuente et al. Pintado, 1992 ; Schilke 1996b ). Another possibility is that SiO is embedded in icy grain mantles, which are evaporated There is also (Turner 1991b). a hint that vibrationally excited SiO may be present, but the line is blended with an transition, and hence HCOOCH 3 the evidence is not conclusive.
SiS.ÈTwo lines of silicon monosulÐde fall into our band : the (18È17) line at 326.6 GHz and the (19È18) line at 344.8 GHz. The Ðrst frequency is very noisy due to the atmospheric water line at 325 GHz, and, moreover, the data are contaminated by line emission from the other sideband. (1986) has to be that the existence of SiS in Orion is still questionable.
SiC and see a weak feature at the frequency SiC 2 .ÈZM93 of the SiC(4È3, ) \ 2) line. In our survey, a weak feature (B0.2 K) close to the SiC (9È8, ) \ 2) line is also present, but we do not consider this as sufficient evidence for the detection of SiC in Orion. We see no lines at the many silicon dicarbide frequencies.
claims HCS`.ÈWe detect HCS`in the (8È7) transition of the main isotopomer. The line velocity and width seem to indicate an origin in the extended ridge.
L inear Molecules with Electronic Angular Momentum
SO.ÈSulphur monoxide (3&~) is observed in Ðve lines of the 32SO, in three lines of the 34SO and 33SO isotopomers, and in two S18O lines. The main isotopomer lines are very broad, comparable to CO. From SO, we derive a rotation temperature of 27 K and a column density of (3.8^0.4) ] 1016 cm~2, which are of course both a †ected by optical thickness e †ects.
& Weisstein Ðnd Serabyn (1995) about a similar rotation temperature for low-excitation SO ; however, if a correction for optical thickness is applied, their SO rotation temperature increases to 83 K. In fact, the 32SO/34SO line ratio suggests an optical depth of 5È6 at the peak. The derived rotation temperatures and column densities are consistent with the results of and J84, B87, T91, Since all line shapes are vastly dominated by the wings, S94. the existence or absence of the other velocity components is (1992) . components of the J \ 7/2È5/2 transition. Unfortunately, the strongest hyperÐne components of one of the " doubling components (the F \ 9/2È7/2, 7/2È5/2, and 5/2È3/2 f transitions) are blended with but the F \ 9/2È7/2, CH 3 OH, 7/2È5/2, and 5/2È3/2 e transitions show up strongly. The line shape is dominated by the extended ridge velocity 
. frequencies of NS were in gaps or o † the edges of previous, lower frequency surveys in Orion. The line velocity points to a hot core origin of this line, somewhat unusual for a radical.
CN.ÈThe cyanide radical (2&`) is present in several hyperÐne components of the N \ 3È2, J \ 7/2È5/2, and J \ 5/2È3/2 transitions. The hyperÐne ratios suggest that the line is somewhat optically thick, but deÐnitive conclusions cannot be drawn because the strength of the low line intensity lines is determined poorly due to low-level line contamination. As for NO, the shape is consistent with the extended ridge component. CCH.ÈEthynyl (2&) has been observed in the N \ 4È3 transitions. Both the J \ 9/2È7/2 and the J \ 7/2È5/2 Ðne-structure components are detected, but the latter is blended with Due to this, the hyperÐne ratios and CH 3 CN(19 3 È18 3 ). thus the optical depth cannot be determined. The line velocity and width are consistent with an extended ridge origin. and claim the detection of low-C 2 S.ÈBoth T91 ZM93 lying transitions of (2&). We see no convincing evidence C 2 S 2 ) perature of 445 K is most likely an artifact of these high optical depths. The levels with low excitation energies in our data are dominated by compact ridge and hot core emission, but plateau wings and components due to the extended ridge are also present. High-excitation lines show only the compact ridge and hot core components, and the vibrationally excited lines show exclusively the hot core. The isotopomeric lines are blended heavily and it is difficult to determine the origin, but the hot core component seems to dominate. acetylene (propyne) is detected in CH 3 CCH.ÈMethyl several K-components of the J \ 20È19 and J \ 21È20 transitions. The derived rotation temperature is much lower than for 65 K. No information about the optical CH 3 CN : depths is available, since the 13C isotopomers are not detected. The line velocity and line width are consistent with an extended ridge origin of the lines. Rotation temperature and column density are consistent with B87.
Inorganic Asymmetric Rotors
dioxide is observed in the SO 2 .ÈSulphur 32SO 2 , 34SO 2 , and isotopomers and in some vibrationally excited 33SO 2 transitions of the main isotopomer. Lines from (v 2 \ 1) SO18O have been searched for but not conclusively identiÐed. The ground-state lines clearly show hot core and strong plateau contributions, resulting in triangular line shapes. As for SO, the plateau component is best Ðtted by two Gaussians with large line widths (20È30 km s~1) and center velocities of B4 and B11 km s~1, respectively. The hot core component becomes more pronounced the higher the energy of the transition is, indicating a higher temperature or higher densities in the hot core than in the plateau component. The rotation temperature is 124 K, based on the integrated line intensities. No attempt has been made to separate di †erent velocity components. The line velocities of the vibrationally excited like those of SO 2 , other vibrationally excited lines, indicate a pure hot core origin. From the line ratio, we estimate peak 32SO 2 /34SO 2 optical depths of 1È7 for the lines. Rotation tem-32SO 2 peratures and column densities are similar to those observed by the earlier studies.
and HDO.ÈThe water maser line of H 2 O at 325 GHz was detected (see H 2 16O(5 1,5 È4 2,2 ) Menten, Melnick, & Phillips for a discussion). Two lines from 1990 high-excitation states of deuterated water are also clearly detected. The line velocity indicates a hot core origin of the line, as predicted by chemical models.
HDS.ÈOne line at the frequency of deuterated hydrogen sulÐde is detected. The identiÐcation is questionable, since HDS has not been detected before in Orion, although the ground-state line lies in the frequency range covered by S85. If the line is due to HDS, the line velocity is consistent with an extended or compact ridge origin of the line. No detectable lines of are present in the band. H 2 S ammonia has a very complex spec-NH 2 D.ÈDeuterated trum : it is an asymmetric rotor with inversion splitting and hyperÐne splitting due to the 14N nucleus. We have the ground-state transition in our band, which is split into two inversion transitions. One transition (v \ 1È1) is detected, and the v \ 0È0 transition is buried under a line. The 34SO 2 line is too weak to permit a determination of the origin via the velocity proÐle. Another band around 338.5 GHz is blended heavily with the ground-state band of methanol, so that the torsionally excited lines could not be separated out. The rotation temperature of methanol is 155 K, while the rotation temperatures of and torsionally excited methanol 13CH 3 OH could not be determined because the lines are blended and the integrated line intensity could not be determined reliably. Methanol, like most of the other complex organic molecules, is known to be associated mainly with the compact ridge, but it also present in the hot core. The line velocities and widths we observe support that. Both rotation temperature and column density agree well with earlier studies.
has been identiÐed tentatively in C 2 H 5 OH.ÈEthanol Orion by and We seem to Ðnd all tran-T91, ZM93, S94. sitions present in our band, but many of them are so weak that they cannot be identiÐed conclusively. In addition to the Q-branch transitions observed by we K~\ 7È6 S94, observe other transitions outside their frequency range. Apart from three lines, which appear to be too strong and may be misidentiÐed or blended, the rotation diagram looks sensible and gives a rotation temperature of 65 K. This temperature and the column density are in reasonable agreement with and Based on the velocity ZM93 S94. proÐle, a compact ridge origin of the lines seems most likely.
isotopomers of formaldehyde are H 2 CO.ÈFour detected, one line each of and HDCO and H 2 CO, H 2 C18O, 
UnidentiÐed L ines
We found 60 unidentiÐed lines. The large number is partly due to the high sensitivity and small beam size of our survey, since many of them are in the 0.5È2 K range. We suspect that most of the unidentiÐed lines are due to isotopomeric lines of well-known species (e.g., CH 2 DOH, H13COOH) or to vibrationally or torsionally excited transitions of the main isotopomers. The plethora of lines makes the identiÐcation of lines from new molecules very difficult if not impossible. None of the unidentiÐed lines are outstandingly bright, although some reach the 2È5 K level. Some U lines are questionable (see next paragraph). For determining the frequencies of U lines, a source velocity of 9 km s~1 was assumed.
Known Defects
Due to the SSB cleaning procedure, there are inevitable defects in the spectrum. These defects occur at the edges of the band, where only one sideband was available for restoration, and in some very crowded areas, where lines from both sidebands are always present. Known defects are marked as "" ghost ÏÏ in
For some U lines, the possi- Table 2 . bility exists that they are not real, but ghosts, in which case they are marked with a question mark in the table.
4. ANALYSIS 4.1. Physical Parameters and Integrated L ine Fluxes LTE rotation temperatures and column densities of the species where they could be determined are listed in Table  No attempt to correct for optical depth e †ects was 26. made. The column densities have been derived from integrated areas corrected to the scale. The values agree T R * roughly with those derived in earlier studies, except that we seem to have systematically higher column densities, which is partly a beam size e †ect. Some values are certainly arti-facts of high optical depths, e.g., the low rotation temperature of SO and the high excitation temperature of CH As an example of the second category, we concentrate the discussion on HNCO. Isocyanic acid is only slightly asymmetric and has the interesting feature that the K a -ladders are connected by weak b-type transitions. According to et al. these transitions are not excited by Churchwell (1986), collisions, but by IR radiation at 330 km, 110 km, and 70 km for the and transitions, K a \ 0È1, K a \ 1È2, K a \ 2È3 respectively. Hence, the rotation temperatures between the ladders are a measure of the far-infrared (FIR) Ðeld. We determine rotation temperature of 36^4 K between K a \ 0 and and 221^33 K between the com-K a \ 1, K a [ 0 ponents. The latter is a measure of the dust temperature. They agree reasonably well with other determinations of the dust temperature in the hot core on the basis of vibrationally excited lines (see et al. and references Schilke 1992b therein). The Ðrst rotation temperature is probably underestimated because HNCO is present in the ambient gas ; thus, the beam Ðlling factor of the lines is higher K a \ 0 than for the lines, which trace the FIR Ðeld. Optical K a º 1 thickness e †ects may also play a role, since it is likely that the dust is optically thin at 330 km, while it may become optically thick at 110 and 70 km. Lines from the state of HCN, 2000 K above v 2 \ 2 ground, were detected for the Ðrst time, showing that observations with higher frequencies and smaller beams are able to access the very active centers of the star-forming cores.
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